ABSTRACT: Electrostatic monitoring technology is a useful tool for monitoring and detecting component faults and degradation, which is necessary for system health management. It encompasses three key research areas: sensor technology; signal detection, processing and feature extraction; and verification experimentation. It has received considerable recent attention for condition monitoring due to its ability to provide warning information and non-obstructive measurements on-line. A number of papers in recent years have covered specific aspects of the technology, including sensor design optimization, sensor characteristic analysis, signal de-noising and practical applications of the technology. This paper provides a review of the recent research and of the development of electrostatic monitoring technology, with a primary emphasis on its application for the aero-engine gas path. The paper also presents a summary of some of the current applications of electrostatic monitoring technology in other industries, before concluding with a brief discussion of the current research situation and possible future challenges and research gaps in this field. The aim of this paper is to promote further research into this promising technology by increasing awareness of both the potential benefits of the technology and the current research gaps.
Introduction
 As the heart of an aircraft, an aero-engine is a complicated system and has extremely high requirements for operational safety. Due to the limitations of the currently available materials, the design and the manufacturing process, operational cost of an aircraft.
The current progress in flight safety and flight economy for aero-engines requires improved health management capability. CBM and PHM are essential components of a health management system which is used to improve the availability and balance the economic, safety, and reliability aspects of usage and maintenance [1] [2] [3] [4] [5] [6] [7] . CBM tries to conduct the appropriate maintenance actions before a failure occurs, based on the currently detected condition, and is diagnostic in nature. PHM is predictive in nature and tries to predict how long from now a fault or a failure will happen. Both CBM and PHM determine the maintenance actions based on a real time or near real time assessment of health, in order to avoid unnecessary maintenance but ensure that there is sufficient maintenance to keep the aero-engine in service [8] . No matter which maintenance concept is adopted to balance the flight safety, reliability and operating profit, effective health monitoring technologies are essential in order to accurately understand the current state, track the (real time) health status, and evaluate the performance and degradation trend for the aero-engine and its component parts and subsystems. This depends on having sufficiently accurate monitoring methods, thus, condition monitoring technology is crucial to realizing the full benefits of the advanced maintenance idea and implementing a maintenance strategy [9, 10] .
To implement the PHM concept the PHM system requires comprehensive engine information and an assessment of the engine's health, not only the current health state, but also predictions about later state, in the form of early warning information about faults and/or future maintenance requirements.
Engine Health Monitoring systems acquire this information.
There is a wide acceptance of the common health monitoring methods, such as vibration monitoring, temperature detection, flow and pressure measurement at different cross sections of an aero-engine. However, although these methods can perform well for detecting some types of faults, they may not provide good fault localization.
In general, the gas path components have the highest fault rate in the aero-engine, being in such a high pressure, load, temperature and speed environment [11] . Conservative time-based preventive maintenance strategies are still a dominant maintenance policy for gas path components working near their structural limits in high-temperature environments. This policy can lead to the waste of useful residual life of the components when components are replaced before they really need to be, or may increase the risk of failure before maintenance when components degrade faster than expected, so maintenance is not soon enough. Aero-engine related incidents still occur frequently enough to indicate that the current health management systems still lack sufficient ability for adequate advance warning of faults.
The PHM concept requires engine monitoring technologies that provide early warning information about faults, and the capability to monitor the development of faults so that timely action can be taken. To achieve it, a new health monitoring technology will be required, which has the ability to provide new information, more reliable information, or earlier information than existing technologies.
Electrostatic monitoring technology for gas paths in aero-engines is one of the technologies which could provide improved prognosis abilities. As will be explained in Section 2, this technology involves monitoring the electrostatic charge to detect debris in the exhaust gas. The technology was first discovered by the Air Force Institute in the 1970s [12] .
Further research on electrostatic monitoring technology was undertaken at various times by the United Technologies Corporation (UTC) [13] , Stewart Hughes Limited (SHL) [14] , and Smiths Industries [15] (which subsequently bought by GE ) due to licensing of the related patents and company mergers and acquisitions. SHL developed the Engine Distress Monitoring System (EDMS) and Ingested Debris Monitoring System (IDMS), as described in [16] and is discussed further in Section 5. The work on electrostatic monitoring technology by SHL and Smiths Industries drove the improvement and application of electrostatic monitoring technology in other industries, some of which will be discussed in Section 6.
The advantage of electrostatic monitoring technology (EMT) is that it can offer timely warning information about early faults by monitoring the change in the electrostatic level in the gas path of the aero-engines. It provides a novel method for on-line monitoring and diagnosis for components with rub faults, combustion effectiveness degradation and/or combustion chamber burnt erosion. Such faults as these cannot usually be easily detected by other current monitoring technologies [4, 12, [17] [18] [19] [20] [21] [22] [23] [24] .
Moreover, combining EMT with other existing monitoring technologies, will increase the likelihood of timely detection of faults. Thus, electrostatic monitoring technology is a useful additional tool for early detection and progression monitoring of component deterioration [25] . To underline its importance, EMT has now been as part of the Joint Strike Fighter engine prognostic health management sensor suite [4, 26] .
Electrostatic monitoring technology is a wide-ranging subject and many terminologies have been used interchangeably. That these terminologies and ad hoc methods have been presented in a variety of scientific, mechanical engineering, material engineering and other publications, shows that the use of electrostatic monitoring is currently being investigated in a number of areas, such as condition monitoring for aero-engine gas path [4, 12, 14, [25] [26] [27] [28] [29] [30] [31] , lubrication oil wear debris detecting [32] [33] [34] [35] , bearing wear monitoring [36] [37] [38] [39] and flow measurement [40] , rotational speed measurement [41] and particle size measurement [42] , to name a few. However, it is apparent that much more research is needed into this technology, as will be discussed in the final section of this paper. 
Electrostatic Monitoring Technology
We begin this review with a consideration of what Electrostatic Monitoring Technology actually is and how it works, along with an explanation of the source of the charged particles which are detected, and their use in identifying faults.
The principle of electrostatic monitoring technology for aero-engines
The fundamental principle of electrostatic monitoring technology for aero-engines is to perform real-time monitoring of the overall charge level in the gas path, on the basis that this provides insight into what is happening within the engines themselves.
Generally, for a healthy aero-engine, there is a normal charge level throughout the gas path, including the exhaust pipe and intake path, and although the charge level varies with the operational condition of the aero-engine it will stay within a defined range. Once a fault occurs, or the performance degrades, additional debris will be present in the gas path, which leads to a change in the charge level. The normal charge level can be monitored and used to calculate a baseline reference or threshold from which subsequent deterioration in engine performance may be determined. When gas path component deterioration occurs the system detects a change in the overall electrostatic charge level [26, 28, [43] [44] [45] .
The advantage of electrostatic monitoring technology is the ability to detect within the exhaust gas the direct product of the fault. The monitoring will identify the abnormal charged particles in the gas path, including both ingested objects in the inlet and the debris or particles caused by component wear or faults in the exhaust gas. This method differs significantly from common monitoring technologies such as vibration or temperature monitoring technologies, which detect the secondary effects of the fault, and the technology can be employed to detect faults earlier and provide the necessary warning information to improve the PHM capacity of an aero-engine in the overall life cycle [26, 43] .
The formation of charged particles
Carbon dioxide, water vapor, Nitrogen Oxides, agglomerates [52] .
 Oxidation of the molecules and soot particles reduces soot formation.
(3) Debris caused by some fault. As the mechanical faults, the degradation or the destruction of the engine components, such as blade rubs, nozzle guide vane or turbine blade erosion and combustor burning result in the production of the charged debris [14, 16, 51, 53] . The larger debris may also impact with the internal engine surfaces and interact with the charged ion or electrons. The impact process may result in an increased charge, a discharge or an inversion of the charge on the debris [16] .
In general, the size of a soot particle in an aero gas turbine engine exhaust port is typically about 6nm and the distribution of the size is a bimodal distribution with humps in the ranges of 5~7nm and 20~30nm [54] [55] [56] . The sizes of carbon particles or metal abrasive and most of the abnormal particles caused by gas path component faults, such as blade rub or combustion performance degradation, are larger than 40um [14] . As explained in [57] the charging process of particles over time can be represented by formula 4, where qp is the charge of the particle, dp is the diameter of the particle, k is the Boltzmann constant, T is the temperature, e is an electronic charge, v is the mean particle velocity, N is the concentration (number of particles), and t is time.
Based on the analysis above and Equation (4), the charging characteristic of particles is related not only to the concentration of electrons and ions but also to the size of the particles.
Electrostatic Sensor Technology
The sensors are key components and play a vital role in the monitoring system, being the source of the condition information. Sensor performance directly affects the accuracy of the early fault indicator predictions as well as the correct identification of the state of the components. This section considers the electrostatic sensors, explains how the sensors work and reviews current research in the area of electrostatic sensor design.
The principle of an electrostatic sensor
An electrostatic sensor is a passive sensor which is based on the electrostatic induction principle. In the electrostatic monitoring system, the sensor is used to detect the change of the electrostatic field in the sensing zone which is caused by the influence of nearby charges. The basic principle of electrostatic measuring is shown in Figure 1 , which shows how the moving charge creates an electric field which is detected by the sensor [58] . The mobile charges in the interior of an electrostatic sensor probe are free to move in any direction. When a charged particle passes the electrostatic sensor, the mobile charges within the sensor move under the influence of the field from the external charge until they reach the surface of the sensor probe. The movement of charge in the sensor results in a current flow through the signal wire, and the signal can be measured by the signal conditioner.
Once the charged particle moves away from the sensor, the charge inside the sensor probe returns to a neutral state.
Sensor design
Two key considerations for electrostatic sensor design are the material selection and the structural design of the sensor. Material selection plays an important role in ensuring that the electrostatic sensor meets the requirement to work continuously and smoothly in the high-temperature environment, not only enduring the environment, but also performing well under those conditions.
The time to reach electrostatic equilibrium can be used to evaluate the sensor performance. This time usually depends upon the conductivity of the sensor probe material [59] rather than the exerted electric field intensity or the size of the sensor probe. In general, the higher the conductivity, the less time to reach electrostatic equilibrium. In general, from a conductivity point of view, most metal materials can be used for the probe material. However, since the sensor will be used in a high-temperature environment, both the sensor probe and the isolation medium must be able to resist very high temperatures.
Considering this, and the desirability for a high conductivity in the probe, Nickel alloy is usually recommended for the sensor probe and sensor cover, and Ceramic, Mica or polytetrafluoroethylene are usually appropriate for the sensor isolation medium.
In addition to the material selection, the shape of the sensor needs to be considered, to ensure that it is appropriate for different applications and different installation locations. The shape and position of the sensing surface will affect the performance. The sensitivity of the sensor and the size and shape of the space within which it is located affect the ideal sensor shape. Taking the electrostatic sensor for the gas path condition monitoring as an example, the ring shape is clearly appropriate for the detection of the ingested debris in the inlet [4] , with its fixed position and shape, while various shapes, such as button [14, 15] , plate [60, 61] , cylindrical probe [4, 26, 58] , and hemisphere [62, 63] , have all been proposed for monitoring the exhaust debris in the exhaust pipe. For example, [61] used a flat sensing plate-shaped sensor in the exhaust cone; whereas for other applications, a button sensor, where the probe of the electrostatic sensor has a button-shaped surface and is mounted flush in the exhaust duct or jet pipe of the engine, may be easier to install.
The limited sensing space is another factor that needs to be considered. Usually, for larger diameter gas turbine exhausts, one sensor does not have the coverage to detect particles in the entire gas path, in which case multiple sensors can be combined or linked into one compound sensor to monitor the whole section of the gas path. [64] investigated the cylindrical type electrostatic sensor arrays for the online condition monitoring.
The electrostatic field model for sensor design optimization
The structural parameters of the electrostatic sensor material and those of the surrounding environment have some effects on the sensitivity characteristics of the sensor at the complex electrostatic field boundary condition and on the dynamic performance, as well as the spatial filtering characteristics [58, 65, 66] .
A measuring model for an electrostatic sensor is needed to describe the interaction mechanism between the moving charged particles and the electrostatic sensor. This can then be used to acquire an adequate understanding of the rules by which the structural parameters of the electrostatic sensor material affects the sensor characteristics, to provide a reference for the sensor design optimization.
Sensitivity is one of the most important characteristics which determines the dynamic performance of the sensor and the design of the corresponding signal processing circuit. The sensitivity, S, is usually defined by Equation 5 , where Q' is the induced charge on the sensor surface and Q is the magnitude of the inducing charge, for example that charge which is carried by debris..
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The main challenge for sensitivity analysis is usually, therefore, to calculate the charge induced on the surface of the sensor probe for a known charge carried by the particles.
From Gauss's law, the total electric flux through any closed surface in free space of any shape drawn through an electric field is proportional to the total electric charge enclosed by the surface, that is:
where
is a volume element.
Based on the Divergence Theorem, Gauss's law can be expressed by Equation (7), where
So the relationship between the potential  and the charge density  can be defined based on Gauss's law as follows:
where 0  is the vacuum permittivity. This relationship is a form of Poisson's equation. The induced charge QS on the sensor electrode with surface area S can be obtained by the following formula:
Powrie H, Morris S etc. [36, 67] thought that not all of the charge could be detected due to the limited sensing area, so they provided an approximation calculation method for a given permittivity based on
Gauss' law as the follows:
where S Q is the charge induced on the sensor surface, Q is the magnitude of the inducing charge, S is the sensor area and x is the distance between the charged particle and the sensor face. 
is the charge volume density;  is the dielectric permittivity; The sensitive space can also be observed to increase with an increase in electrode radius. 
Signal detection, processing and feature extraction
The original signal from the sensor needs significant amplification, filtering and processing before it can be used. Various technologies and research approaches for analysing the data are reviewed in this section.
Signal detection technology
Signal detection is the process of measuring and storing information from the sensor output for the purpose of providing warning and diagnostic information. Both the theoretical analysis and the experimental results in the literature [58, 72] show that an increase in the moving velocity of the charged particles results in an increase in the high-frequency content in the signal, and the larger the continuous particle flow, the broader the frequency spectrum range.
In exhaust gas, fine particles, such as soot, smoke, and smaller debris, usually move faster than larger debris derived from faults. Thus, higher frequency signals indicate that finer or faster moving particles are present in the gas path. In contrast, low-frequency content is informative for judging the quantity of abnormal particles or large-sized debris present in the sensing zone. Therefore, maintaining the low-frequency response is crucial to the design of the measurement system, especially the preamplifier.
Addabbo et al [73, 74] presented a charge amplifier whose frequency response can be specifically tailored to the current application and proposed a detection post-processing algorithm to estimate the shape of the input charge pulse. This amplifier can be used to detect ultra-slow moving charged particles. Although there are significant differences between the velocities of particles in the experimental situation and the real aero-engine gas path, the analysis method and amplifier design still provide useful references for the measuring system.
Signal processing
Noise reduction is the process of removing noise from the original signal. This paper will not cover the details of how signal processing techniques work, but the authors would like to note that de-noising is processing it. Wavelet transform techniques [75] [76] [77] have been successfully applied to process non-stationary signals in the past, such as the vibration signal of gear boxes [78] , bearings [79] and other rotary mechanical systems [80] . Moreover, from the shape of the output signal (see Figure 1) , the electrostatic monitoring signal can be observed to be similar to the electrocardiography (ECG) signal [81] .
So, the de-noising methods based on time-frequency and time-scale analysis which have been used for ECGs are also promising for the electrostatic monitoring signal processing.
Nevertheless, the type of the source noise which is mixed into the electrostatic monitoring signal, in terms of both strength and distribution, needs to be considered when selecting de-noising methods to be employed. For instance, the noise in the electrostatic signal acquired from the experiment platform is a mixture of random noise and impulse noise, which can be difficult to remove from the original signal.
Addressing this problem, [82] proposed a hybrid de-noising method which combines the wavelet transform and median filter method to remove the noise in the electrostatic monitoring signal. As reported in [82] , the median filter method was used as a smoothing method to preprocess the signal, using the following principle:
(1) First define a step size, s (2) Next define a sliding window of specified length in multiples of the step size (length=x.s). Measuring the performance in terms of the improvement in the SNR of the signals, the methods mentioned above were shown to perform well and have a good ability to remove noise [82, 83] .
Feature extraction
In the condition monitoring system, pre-warning Assume that N samples are available for time t.
AL(t), the activity level at time t, is a measure of the amplitude of the samples and can be described by Equation (12) , where the constant K is usually obtained from an evaluation of experimental and statistical data and will differ depending upon the threshold required for the current working conditions. Generally speaking, the Activity Level can be used to give an indication of the amount of fine carbon particles or debris in the exhaust gas. Because these small charged particles are the main content of the exhaust gas, they contribute the majority of the overall charge level, and the charge level caused by the fine carbon particles is usually used to calculate the baseline charge.
The Event Rate relates to the proportion of large particles which are present in the gas path per unit time. The events can also be separated according to their polarity into positive and negative events. Hence, combining this information, AL and ER can be used to identify large particles and small particles, and the polarity can be used to discriminate between carbon particles and metal debris [14, 84] (2) Frequency domain analysis:
The frequency content of the signal is related to the velocity of the charged particles, the size and the flow characteristics, etc., so the frequency features can also give an indication of the current working condition of the components in the gas path. This is especially useful for identifying whether abnormal particles are caused by static or rotary part faults.
The frequency spectrum distribution of the electrostatic signal particles is continuous, as shown in Figure 5 , although it can also be observed that there can be differences in the shape of the signals based upon factors such as the velocities of the charged particles.
It is also shown in [58] that differences in frequency spectrum are detectable for charged particles with different flow characteristics, such as their velocities, the continuous distribution or the discrete distribution of charge particles. This will be discussed further in Section 5.
The maxima in the frequency spectrum will depend upon the characteristics of the sensor and measuring system. Therefore, in the process of extracting the frequency domain features, peak detecting technology is applied to find the maxima in the frequency spectrum and record the corresponding frequency value fmax, which is often called the characteristic frequency. The frequency of the peak will increase with the velocity of the charged particles, however. The existence of a similar maximum frequency fmax was also found in [85] , where it was named VI/VII by the authors.
From the frequency spectrum analysis of the electrostatic signal in [58] there are obvious differences in the distribution structure of the frequency spectrum for the signals caused by different sizes or velocities of particles. Hence, the signal can be decomposed using the wavelet analysis method into different frequency bands and then the energy distribution of the signal in different frequency bands can be calculated [72] .In the process of wavelet decomposition, re-sampling is needed.
The re-sampling frequency fs can be set such that In addition, Shaft Order Analysis (SOA) was used in [16, 25, 30] to judge whether gas path debris generation correlates with any of the spool speeds, by analyzing the frequency spectrum of the electrostatic signal, e.g. to identify whether the fault is with rotating parts, such as a rub fault.
Experimental Verification Research
The current verification experiments for electrostatic monitoring technology can be divided into three classes. In fact, electrostatic monitoring technology originated from an experiment by the Air Force
Institute of Technology (AFIT). They discovered that some jet engine gas-path failures are preceded by an increase in electrical activity in the jet exhaust gases [23] . [24] also found that the electrical activity in the exhaust gas increases before engine gas path failure.
At that time, there was only statistical evidence that pockets of charge preceded some engine failures. Approximately two out of three turbine engine problems could be predicted four or more hours ahead of failure using the electrostatic monitoring technology, and the false alarm rate was only about 5%.
[14] tracked the relationship between the working condition and the electrostatic signal using accelerated life experiments for a turbine gas engine.
The experimental results showed that the activity level and the event rate both changed under different conditions and verified the feasibility of providing early fault warning information for issues such as a rub fault in the compressor or a fault in the combustion chamber. The technology was proposed to be employed to enable overall prognosis and health management for aero-engines. [25, 30] rub, blocked Nozzles and augmenter faults.
[88] found that water washing, oil leakage and combustor linear cracking of an aero-engine can all be detected using the electrostatic monitoring method.
[84]tracked the relationship between the output power and the electrostatic signal using an accelerated life test experiment on a turbo-shaft engine.
In one test cycle, the engine experiences 14 working conditions in a specified order, each of which lasts for a specified time, while the DAQ system simultaneously records the electrostatic monitoring signal [84] . Figure 7 shows the output power of the engine for an example test cycle, while of the charged debris in the gas path. IDMS is used to detect a foreign object entering the engine via the intake, while EDMS is used to real-time monitor gas path component degradation. The hardware configuration, technology maturity and the applications for IDMS/EDMS were presented and discussed in [4, 26] . The integration of IDMS and EDMS has allowed the impact of foreign objects ingested into the engine to be analyzed and identified [16] .
Other applications of electrostatic monitoring technology
Due to its non-destructive nature and the pre-warning capability, electrostatic monitoring has been popular for applications in monitoring and measurement in other fields as well. There are many links between the fields as well as distinct differences in many cases, and it is possible that breakthroughs in one field could lead to benefits in others. For this reason, the following section presents some of the other related applications of electrostatic monitoring technology which it is useful to be aware of.
Wear debris detection in Lubrication Oil
Wear is the most common type of mechanical [ 34, 67, 94, 96] showed the sensing capabilities of the electrostatic monitoring technology for both oil-line and wear-site debris in one monitoring suite by utilizing an accelerated bearing failure test under both overloaded and seeded fault conditions.
Wear site detection for rolling bearing
The main monitoring method for wear debris detection in lubrication oil is to detect the product of the wear fault debris, as mentioned above. However, an electrostatic sensor could also be used to monitor the wear site directly. In the process of contact wear, In summary, we believe that electrostatic monitoring technology is a promising technology, which is worthy of more research to advance both the hardware and prediction techniques. Although there was some research around the turn of the century, there was been only limited research, in very few locations, in the last few years. We believe that this may be unnecessarily restricting the growth and breadth of application areas for this technology. This paper has aimed to promote this research by providing an accessible overview of the technology, how it works, the currently employed techniques, and the current state of the art of the research in this area.
